Highlights d Most nuclear histone H3 is not DNA-bound in the early cleavage cycles d Later cycles lose free nuclear H3 due to titration of maternal stores d H3 on chromatin decreases with each early cycle d H3.3 replaces H3 on chromatin during ZGA
In Brief
Shindo and Amodeo examine the nuclear trafficking and chromatin dynamics of histone H3 during early embryogenesis in Drosophila. In the early cell cycles, large pools of free H3 accumulate in the nucleus. These pools become depleted in later cycles with a corresponding reduction of H3 on chromatin. The H3.3 variant ultimately replaces H3 on chromatin.
SUMMARY
During zygotic genome activation (ZGA), the chromatin environment undergoes profound changes, including the formation of topologically associated domains, refinements in nucleosome positioning on promoters, and the emergence of heterochromatin [1] [2] [3] [4] . In many organisms, including Drosophila, ZGA is associated with the end of a period of extremely rapid, exponential cleavage divisions that are facilitated by large maternally provided pools of nuclear components. It is therefore imperative that we understand how the supply of chromatin components relative to the exponentially increasing demand affects nuclear and chromatin composition during early embryogenesis. Here, we examine the nuclear trafficking and chromatin dynamics of histones during the cleavage divisions in Drosophila using a photo-switchable H3-Dendra2 reporter. We observe that total H3-Dendra2 in the nucleus decreases with each cleavage cycle. This change in nuclear composition is due to depletion of large pools (>50%) of free protein that are present in the early cycles. We find that the per nucleus import rate halves with each cycle and construct a mathematical model in which increasing histone demand determines the dynamics of nuclear H3 supply. Finally, we show that these changes in H3 availability correspond to a large ($40%) reduction in global H3 occupancy on the chromatin, which is compensated by the increased incorporation of H3.3. The observed changes in free nuclear H3 and chromatin composition may contribute to the cell-cycle slowing, changes in chromatin structure, and the onset of transcription associated with this developmental stage.
RESULTS

Quantification of H3 Dynamics Using a Photo-Switchable H3-Dendra2 Reporter
With the exception of the early embryo, bulk production of histones is tightly coupled to S phase so that the histone supply matches the demands of the newly synthesized DNA [5] [6] [7] [8] . These histones are termed ''replication-coupled'' histones and are found in repetitive multi-copy arrays in many animals, including Xenopus and Drosophila [9] . Variant histones that mark specific chromatin features, such as sites of active transcription, are typically replication independent and single copy [10, 11] . In typical cell cycles, nearly all histones are incorporated into chromatin, and excess is rapidly degraded [12] [13] [14] [15] . However, the unusually short S phases and lack of gap phases in early embryos necessitate altered histone production. In Drosophila, the mother provides large stores of nuclear components, including histone mRNA and protein, during oogenesis to facilitate the rapid cleavage cycles [16] [17] [18] . For the replicationcoupled histones, these maternally provided components are sufficient for normal development through the early cleavage cycles, but not beyond the S phase of cycle 15 [19, 20] .
To study embryonic histone dynamics, we constructed a reporter in which the green-to-red photo-switchable fluorescent protein, Dendra2 [21, 22] , is fused to the C terminus of the replication-coupled H3 ( Figure 1A ). Although tagging may affect the behavior of the protein, previous work has shown that fluorescently tagged histones are post-translationally modified in the correct manner in vivo and interact with cytoplasmic binding partners, such as Jabba, in the case of H2Av [23] [24] [25] . To mimic endogenous regulation, this tagged H3 was embedded within a single copy of the histone locus including the promoters, coding sequences, and UTRs of all replication-coupled histones, which are required to recruit the endogenous regulators [9, 26] . Irradiation of H3-Dendra2 at 405 nm induces green-to-red photoswitching at sub-nuclear resolution ( Figures 1B, 1C , and S2). Since the Drosophila genome contains $100 tandem repeats of histone genes [27, 28] , this single additional histone cluster makes up a tiny fraction of total embryonic H3 ( Figure S3A ). With this new tool, we examine the import, export, accumulation, and chromatin association of H3 through the early cell cycles.
First, we sought to characterize how nuclear composition changes over the course of early embryogenesis. In Drosophila, the early cleavages take place without cytokinesis (and are therefore known as nuclear cycles). After the eighth nuclear cycle (NC8) the nuclei migrate to the surface and divide as a syncytial blastoderm for several cycles before pausing and cellularizing in NC14. In NC10-13, we measured the total volume and brightness of nuclear H3-Dendra2 at the end of each cycle. As previously reported in Xenopus [29] , the final nuclear volume decreased with each division ( Figure 1D ). However, the concentration of H3-Dendra2 in the nucleus also fell by $55%, resulting in a total $65% reduction in nuclear H3-Dendra2 between NC10 and NC13 ( Figures 1E and 1F ). This trend was also confirmed by immunofluorescence of total endogenous H3 ( Figure S1 ). Two possible mechanisms can account for this change in total nuclear H3. There must be a pool of non-DNA-bound H3 in the nucleus of the earlier cycles, and/or the amount of H3 on chromatin must be falling.
Free Nuclear H3 Is Reduced with Each Cycle
To test if free H3 exists in the nucleus, we photo-switched nuclear H3-Dendra2 in late S phase of NC11 and observed the behavior of the red (switched) protein. After nuclear envelope breakdown (NEB), we observed a drop in total red H3-Dendra2 signal within $1 min, indicating the presence of non-DNA-bound H3 (Figures 2A and 2B ). We note that this technique measures not the instantaneous size of free histone pools but rather the amount of H3-Dendra2 in the nucleus at the moment of photoswitching that will not be incorporated into chromatin by NEB.
Given the large quantities of free H3, we asked if the nuclear pool underwent nucleocytoplasmic shuttling. We examined the export rate of H3 from the nucleus by photo-switching the nuclear H3-Dendra2 in each nuclear cycle and measuring the slope of the initial decrease in nuclear intensity, which corresponds to loss of protein from the nucleus [30] . We observed no decrease in the red H3-Dendra2 levels in the nucleus until NEB in any cell cycle, indicating that nuclear export of H3 is negligible ( Figure 2C ).
Next, we wondered if the behavior of the free pool changes with developmental progression. We photo-switched nuclear H3-Dendra2 at different time points in S phase between NC11 and NC13 and plotted final levels of unincorporated H3 as a function of time before NEB ( Figure 2D ). We found that the final levels of free nuclear H3 fell with each cycle from a maximum of >55% of total nuclear H3 at the end of NC11 to $45% in NC12 and $20% at the end of NC13. This reduction of the free nuclear pool size was also confirmed by fluorescence recovery after photobleaching (FRAP) ( Figure S2 ). Moreover, we did not observe any increase in free H3 after mid-NC13, suggesting a marked change in the behavior of nuclear import (due to changes in the import machinery itself or a reduction in cytoplasmic H3 availability) during NC13.
H3 Import Halves with Each Cycle and Halts in NC13, Consistent with a Titration Model
To measure histone nuclear import, we imaged non-photoswitched (green) H3-Dendra2 accumulation in the nucleus and calculated the total nuclear intensities, as well as nuclear volumes, for the duration of NC11-13 ( Figures 3A and 3B ). At NC11, total nuclear H3-Dendra2 increased almost linearly over time to more than four times the initial value, indicating a constant import rate and suggesting that the free pool increases over the course of interphase. In contrast, we found biphasic dynamics of H3 nuclear import at NC13, where levels of nuclear H3-Dendra2 increased almost linearly for the first 6-7 min (early/ mid-S phase), followed by a plateau at approximately twice the initial H3-Dendra2 level for the remaining 9-10 min until NEB.
Since nuclear export of H3-Dendra2 was negligible during this period ( Figure 2C ), this plateau indicates that H3 nuclear import was stalled at mid/late-NC13. Note that nuclear volumes continued to increase after mid-NC13, indicating that global nuclear import remained active. We next calculated import rates by measuring initial slopes of nuclear H3-Dendra2 intensities. We found that the initial import rates decreased by a factor of two from NC11 to NC12 and again from NC12 to NC13 ( Figure 3C ). Therefore, given that the number of nuclei doubles with each nuclear cycle, the total, embryo-wide H3 initial import rate is almost constant from NC11-13. These observations suggest that the histone import capacity of the embryo may be static presumably due to saturation of import Note the loss of H3 at NEB (labeled free histone), followed by even division of the remaining signal into two daughter nuclei (shades of red). (C) Measurement of H3 nuclear export. H3-Dendra2 was photo-switched at the indicated time points and monitored for loss [30] . Time courses of nuclear intensities upon photo-switching of red H3-Dendra2 in S phase indicate no export of H3 in NC11-13. (D) Fractions of free nuclear H3 plotted as a function of time at photo-switching as in (A). Free nuclear H3 reduces with each cycle. Asterisk indicates the data from (B). Typical durations of S phase at NC11-13 were $6 min, $9 min, and $16 min (light gray panels). See also Figure S2 . machinery for H3 and become diluted over the exponentially increasing number of nuclei.
However, the decrease in import rate is insufficient to explain the plateau that we observed at mid/late-NC13 ( Figure 3B ). Therefore, we reasoned that the pool size of cytoplasmic H3 may become limiting over the early cycles as the demand for chromatin components exponentially increases. Indeed, measurement of total H3 in the early embryo indicated that the quantity of H3 increases by only 30%-70% while DNA amount increases by $500% between NC10 and NC13 ( Figure S3B ). This suggests a titration model in which embryos exhaust their cytoplasmic H3 stores during NC13. To quantitatively test this, we constructed a simple kinetic model for histone nuclear import ( Figure 3D ; see STAR Methods for model details). The model consists of only two processes: nuclear import, which is described by the Michaelis-Menten equation, and production of cytoplasmic pools as experimentally measured ( Figure S3B ). We assumed a constant embryo-wide import based on our observations ( Figure 3C ; i.e., import rates were inversely proportional to the number of nuclei). This simple model quantitatively reproduced the dynamics of H3 nuclear accumulation in all cell cycles, including the decrease in total nuclear H3 from NC11-13 and the biphasic dynamics at NC13 ( Figure 3E ). In this model, the low value of the Michaelis-Menten constant compared to the total histone level is essential to give the initial linear import and sudden drop when cytoplasmic histone pools become depleted.
This model also predicts oscillations in cytoplasmic histone concentrations over the course of each cell cycle ( Figure 3F ).
H3.3 Replaces H3 on Chromatin during the Early Cell Cycles
Given the decrease in nuclear H3 availability, we sought to quantify changes in the chromatin composition during early embryogenesis by comparing the total mitotic H3-Dendra2 intensities in NC10-13 ( Figure 4A ). We found that the amount of H3 incorporated into chromatin decreased by $10% in each cycle between NC10 and NC12 with an even larger ($20%) loss during NC13. This resulted in a final H3-Dendra2 fluorescence intensity that was $60% of initial NC10 levels by mitosis of NC13 ( Figure 4B ).
To determine if the loss of H3 from chromatin is due to dissociation of existing histones during S phase or reduced incorporation of new H3, we photo-switched DNA-bound H3-Dendra2 on mitotic chromosomes and quantified the red (photo-switched) H3-Dendra2 signal as the chromatin underwent S phase and nuclear division and into the following cell cycle ( Figure 4C ). We observed no statistically significant loss of total photo-switched H3-Dendra2 over multiple cycles ( Figure 4D ), indicating the absence of bulk H3 dissociation. This is consistent with previously observed H3 retention on chromatin-associated structures behind the replication fork [20, [32] [33] [34] . Therefore, the loss of global H3 from chromatin is not due to dissociation of existing H3 but rather the reduced incorporation of new H3. Figure S3 and Table S1 .
One interpretation of the marked loss of H3-Dendra2 from chromatin is a global loss of nucleosomes during zygotic genome activation (ZGA). However, previous ChIP-seq analysis found that the amount of total H3 (all isoforms including the replication-coupled H3 and replication-independent H3.3) on chromatin remains relatively constant between NC8 and NC14 [35] .
Therefore, we reasoned that replication-independent H3.3 may compensate for the loss of H3. To test this, we analyzed embryos produced from females containing the sesame mutation of Hira (Hira ssm ), a chaperone that selectively deposits H3.3 onto chromatin [31] . Maternal histone deposition was unaffected by Hira ssm (Figures S3C and S3D ). We found that the loss of H3-Dendra2 from chromatin over the entire syncytial blastoderm stage was markedly reduced in the Hira ssm mutant ( Figure 4E ), suggesting that H3.3 replaces H3 in the wild-type condition.
To directly test if H3.3 on chromatin increases with developmental progression, we created endogenously tagged H3.3-Dendra2 using CRISPR-Cas9 genome editing at the His3.3A locus ( Figure 4F ). We found that in wild-type embryos, in contrast to H3-Dendra2, H3.3-Dendra2 on chromatin increased with each cell cycle, doubling between NC10 and NC13 ( Figure 4G ). As expected, the amount of H3.3 on chromatin was reduced by nearly 90% in Hira ssm . Interestingly, H3.3-Dendra2 was successfully imported into the nucleus, and a small amount of H3.3-Dendra2 was incorporated into chromatin in the mutant. This suggests the existence of a Hira-independent H3.3 deposition pathway in the early embryo, as has been previously reported [36] . We observed a small increase in H3.3-Dendra2 on chromatin with each cell cycle even in Hira ssm , consistent with the slight loss of H3 from chromatin in late cycles in the mutant ( Figure 4E ). The complementary behavior of the replication-coupled and replication-independent H3 isoforms, combined with the previous observation of nearly constant nucleosome occupancy [35] , strongly supports a model in which H3.3 is replacing H3 on chromatin during the early cell cycles.
DISCUSSION
The rapid early embryonic cell cycles create a massive demand for histones to chromatinize the burgeoning number of genomes. We found that initially large pools of free nuclear H3 gradually become depleted over this time period. Our data suggest that a constant embryo-wide H3 import capacity and a relatively constant amount of total H3 are divided over the increasing number of nuclei to control the availability of H3 in the nucleus. Histone supply affects the DNA replication machinery, and prolonged depletion of histones results in DNA damage and cell-cycle arrest [37, 38] . Therefore, the excess nuclear H3 found in the early cell cycles may buffer the rapid early S phases from DNA damage [39] [40] [41] . However, as the initially large nuclear pools of H3 become depleted, H3.3 may begin to outcompete H3 for nucleosome incorporation. Since this period of development is concurrent with numerous chromatin changes, including ZGA, the formation of topologically associated domains, refinement of nucleosome positioning on promoters, and the emergence of heterochromatin [2, 4, 42, 43] , regulated H3.3 incorporation at specific genomic loci may play a role in some or all of these processes. Indeed, H3.3 is enriched both at sites of active transcription and in heterochromatin in other cell types [10, 11] , and depletion of H3.3 causes severe early developmental defects in Xenopus [44] . The functional consequences of this proposed substitution in Drosophila are unclear because H3 under the control of H3.3 regulatory elements is able to fully rescue H3.3 null mutants [23] . We suggest that although the four amino acid differences between H3 and H3.3 are not essential for embryonic survival, differences in the kinetics or affinities of the replication-coupled and replication-independent chromatin deposition pathways may be important for normal development.
The early embryo is unusual in the excess of maternally provided histones. These may play a regulatory role since free nuclear histones may compete with other regulatory proteins for DNA binding as has been proposed in Xenopus and zebrafish [45, 46] . In particular, pioneer transcription factors such as Zelda may be required to evict overabundant nucleosomes from transcriptional start sites [47] . In other contexts, overexpression of histones is highly toxic [20, [32] [33] [34] [48] [49] [50] [51] . In the Drosophila embryo, H2A, H2B, and H2Av are buffered by dynamic sequestration into lipid droplets [17, 52] , but this mechanism is not used by H3, H4, and H3.3. Here, highly abundant maternally deposited histone binding partners are likely to play a similar protective role [11, [53] [54] [55] [56] [57] [58] [59] . Interestingly, the replication-independent H2A isoform, H2Av, increases on chromatin in a manner similar to H3.3, and its release from lipid droplets is developmentally regulated [25] . Similarly, the germline-specific linker histone, dBigH1, is replaced by the canonical H1 isoform during the same developmental period, and this replacement seems to play a role in ZGA [60] . How the availability of each of these histone pools is regulated, either directly or through their binding partners, and if the different variants mark specific chromatin sites, such as sites of future transcription, are critical questions that require further study.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All fly stocks were maintained at room temperature on a standard cornmeal media. Embryos were collected on yeasted apple juice agar plates for 2 h at 25 C and dechorionated with 4% sodium hypochlorite for 2 min followed by a wash in deionized water. REAGENT 
METHOD DETAILS
Plasmids and transgenesis
The pMBAC-1xHisC plasmid was a generous gift from Robert J. Duronio (The University of North Carolina at Chapel Hill), the Dendra2-H3.3-N-14 plasmid was a gift from Michael Davidson (Addgene plasmid #57725). Fragments of Dendra2 and H3 genes were amplified by PCR (Table S1 ) and assembled into the pUC19 vector backbone using GeneArt Seamless Cloning and Assembly Kit. The H3-Dendra2 fusion gene and all the other replication-coupled histone genes were further assembled in the pUC19 vector. A single copy of the 5Kb histone repeat region containing H3-Dendra2 was digested by SalI and NotI and transferred into the pMBAC backbone to generate pMBAC-1xHisC-H3-Dendra2. The transgene was inserted into the attp40 attP site on chromosome 2L via phiC31-mediated integration (BestGene). For CRISPR-Cas9 editing of the endogenous His3.3A gene, a single CRISPR target site was selected using Target Finder [61] near the stop codon and the designed gRNA was subcloned into the pU6-BbsI-chiRNA vector (a gift from Melissa Harrison & Kate O'Connor-Giles & Jill Wildonger, Addgene plasmid #45946). The pScarlessHD-Dendra2-DsRed plasmid was generated by replacing sfGFP of the pScarlessHD-sfGFP-DsRed (a gift from Kate O'Connor-Giles, Addgene plasmid #80811) with Dendra2 using NEBuilder HiFi DNA Assembly Kit. Homology arms with a synonymous mutation at the PAM site were then subcloned into the pScarlessHD-Dendra2-DsRed (GenScript). The plasmids of gRNA and homology arms were co-injected into nos-Cas9 embryos (TH00787.N) and DsRed+ progeny were screened (BestGene). The DsRed marker was removed through a cross to nos-PBac (a generous gift from Robert Marmion) flies and a single DsRed-male was crossed to a yw; Sp/CyO balancer stock to establish a stock. Insertion of Dendra2 at the endogenous His3.3A gene locus was confirmed by PCR and Sanger sequencing. H3.3A-Dendra2 females were crossed to y,w males to produce mothers heterozygous for H3.3A-Dendra2. These females were mated to y,w males and the resultant embryos were analyzed.
Microscopy
For live imaging, embryos were mounted in deionized water on a glass bottom microwell dish (MatTek) and images were acquired by a Nikon A1 laser scanning confocal microscope with a 603 1.40 NA oil-immersion objective at room temperature of approximately 22 C. Time-lapse z-stack movies were obtained at 1.0 mm intervals for a 12 mm cortical region and at a time resolution of 30 s (NC11 or 12) or 1 min (NC13). For photo-switching of H3-Dendra2, a circular area that covered the entire region of a nucleus was manually drawn in Nikon NIS elements and irradiated by 405 nm laser light for 400 ms. Image analysis including nuclear segmentation and measurements of nuclear fluorescence intensities were performed using custom python scripts. For FRAP experiments, we photo-bleached one part of the nucleus by 405/488 nm for $60 ms and acquired single-plane time-lapse movies at a frame rate of 16 frames/s. Segmentation of the photo-bleached areas and measurement of fluorescence intensities were manually performed using Fiji/ImageJ software. For measurement of total H3-Dendra2 levels in whole embryos, embryos were fixed in 1:1 4% paraformaldehyde/heptane for 20 min followed by 43 washes in PBST (0.02% Triton X-100). The fixed embryos were mounted in 50% VECTASHIELD and imaged with both 43 0.13 NA and 203 0.75 NA objectives. Total intensities of H3-Dendra2 were measured in the 43 images while developmental stages (nuclear cycles) of the embryos were determined by nuclear densities [3] using the 203 images. His-RFP embryos were used for background subtraction. Note that Dendra2 signal was not detectable during blastoderm stage when H3-Dendra2 or H3.3A-Dendra2 was only paternally provided, indicating that H3-Dendra2 and H3.3-Dendra2 we observed in this study represent maternally provided pools.
Western blotting
For staged embryo western blotting, embryos were collected over a two-hour period and individually staged in halocarbon oil using a Zeiss Stemi 508 stereomicroscope at 5-min intervals to determine the onset of pole cell formation. Developmental progression was then monitored for 0, 25, or 40 min from pole cell formation for NC10, NC12, and NC13 time points respectively. Embryos that did not display the appropriate rate of cytoplasmic clearing were discarded. Embryos washed with deionized water and dechorionated in 4% sodium hypochlorite for two min and washed in deionized water again. They were immediately lysed using forceps in ice-cold Embryo Lysis Buffer (50 mM Tris pH 8.0, 150 mM NaCl, 0.5% Triton-1, 1 mM MgCl 2 , 0.1 mM EDTA, 1X protease inhibitor cocktail (Sigma: P2714)). Once 5 embryos had been lysed in a single tube Laemmli buffer was added and the samples were immediately boiled for 5 min. For measurement of maternally deposited histone levels from Hira ssm and wild-type mothers, embryos were collected over a one-hour period and the lysates were prepared as described above.
Proteins were separated on a TGX 12% acrylamide gel (Bio-Rad Laboratories), crosslinked for 1 min under UV, and transferred to a low fluorescence PVDF membrane. Membranes were incubated overnight in rabbit anti-H3 antibody (1:2,000; Abcam: ab1791) and/or mouse anti-H2B antibody (1:2000, Abcam: ab52484), washed, and then incubated for a minimum of 1 h in Alexa Fluor 647-conjugated goat anti-rabbit IgG antibody (1:2,500; Invitrogen: A-21244) and/or Alexa Fluor 488-conjugated goat anti-mouse IgG antibody (1:2,500; Invitrogen: A-11001). Fluorescence was detected using a gel imager (Bio-Rad ChemiDoc MP) and quantified in Image Lab. H3 signal was normalized to total protein using the bright, $45 kDa band in the Stain-Free channel which corresponds to vitellogenin.
Immunofluorescence
Embryos were fixed in 1:1 4% paraformaldehyde/heptane for 20 min and devitellinized in 1:1 methanol/heptane followed by 23 washes in methanol. The fixed embryos were rehydrated in PBST and blocked with 2% BSA for 1 h at room temperature. Embryos were incubated overnight in rabbit anti-H3 antibody (1:1,000; Abcam: ab1791) at 4 C, washed, incubated for 2 h in Alexa Fluor 647-conjugated goat anti-rabbit IgG antibody (1:1,000; Invitrogen: A-21244) at room temperature, and then mounted in 50% VECTASHIELD.
A kinetic model Schematic of the model is shown in Figure 3D . We considered two compartments, cytoplasm and nuclei, and for simplicity we did not explicitly account for their volumes because the nucleus is markedly smaller in size than the cytoplasm in the early embryo. Model equations were as follows:
where b is a production rate of histone pools, V indicates the maximum import rate, K is the Michaelis-Menten constant, and ½H cyt and ½H nuc represent the amount of H3 (arbitrary unit) in cytoplasmic and nuclear compartments, respectively. Note that the equation (2) describes an embryo-wide histone import rather than a per nucleus import and is independent of the number of nuclei in the system. If the surface area of nuclei (and/or the number of nuclei) were a rate-limiting factor of the import, the amount of H3 that translocates from the cytoplasmic compartment into the nuclear compartment would increase as the cycle progresses. However, our experiments revealed that the total, embryo-wide import of H3 remained relatively constant between NC11 and NC13 (i.e., import rates were inversely proportional to the number of nuclei; Figure 3C) ; therefore, the import is independent of the number of nuclei in our model. We also note that we neglect export since it was experimentally undetectable in these cycles ( Figure 2C ). On the basis of measurements for total H3 in embryos ( Figures S3A and S3B ), we assumed that ½H tot = ½H cyt + ½H nuc increases by 50% between NC10 and NC13; the parameter b must be chosen to fulfill this constraint. Initial cytoplasmic pools of histone H3 were given by the total pool size (including production) minus the quantity already incorporated into chromatin (titration). All the numbers used for simulation are summarized in Table S1 . Assuming that all nuclei are identical in terms of nuclear histone supply, per nuclear histone levels were then calculated by dividing ½H nuc by the number of surface nuclei (Table S1 ) to compare our experimental data. Parameter values for V = 500 and K = 100 as well as the total level of H3 at the beginning of NC11 ð½H tot NC11 = 4; 000Þ were chosen by a grid search to fit the data. Since ½H tot increases by 50% in $40 min (NC10-13), the production rate is given by b = 4; 00030:5=40 = 50 [/min]. Numerical integration of the model was performed using the scipy.integrate package (https://docs. scipy.org/doc/scipy/reference/integrate.html).
Correction for photo-bleaching
To determine the rates of photo-bleaching in our experimental setting, we sequentially acquired H3-Dendra2 images in non-dividing nuclei of later stage embryos (>6 hours post laying), after the rapid cleavage divisions have ended. The decrease in the fluorescence intensities was then fitted with a single exponential function to obtain the rate constant for photo-bleaching ( Figures S4A and S4B) . The red fluorescence intensity was corrected for exponential photo-bleaching. For the green fluorescence intensities where both photo-bleaching and new supply (nuclear import) of H3-Dendra2 contribute, we employed a simple ODE model to correct for photo-bleaching ( Figure S4C ). We considered three molecular species, cytoplasmic sources of H3-Dendra2 (X), nuclear H-Dendra2 that are fluorescently active (Y), and nuclear H3-Dendra2 that are photo-bleached (Z), and approximated the processes of new supply and photo-bleaching as
where k 1 and k bleach indicate rate constants for new supply and photo-bleaching, respectively. Given the fact that the cytoplasmic volume is huge compared to the nuclear volume and the area we imaged (27 mm 3 27 mm) is only a small portion of the entire embryo (500 mm 3 150 mm), we ignored photo-bleaching of H3-Dendra2 in cytoplasm. Note that X was virtually employed to imitate the increase of nuclear green H3-Dendra2 intensities. The analytical solution of the equations is XðtÞ = X 0 e Àk 1 t (4) YðtÞ = X 0 k 1 k bleach À k 1 À e Àk 1 t À e Àk bleach t Á + Y 0 e Àk bleach t (5) ZðtÞ = X 0 1 À k bleach k bleach À k 1 e Àk 1 t + k 1 k bleach À k 1 e Àk bleach t + Y 0 À 1 À e Àk bleach t Á + Z 0
where X 0 ; Y 0 ; Z 0 represent initial values of X; Y; Z, respectively. Note that k bleach and Y 0 can be experimentally determined, and we assumed that all H3-Dendra2 molecules were fluorescently active at the beginning of the experiment ðZ 0 = 0Þ. Given the experimental data of nuclear H3-Dendra2, we fitted the time course with the equation (5) and obtained estimates for k 1 and X 0 . We then calculated a normalization factor c t = ðYðtÞ + ZðtÞÞ=YðtÞ using the parameter values and corrected the green fluorescence intensity ( Figure S4D ). Due to the short time courses used in our experiments, photo-bleaching corrections never accounted for greater than 20% of total measurement values.
QUANTIFICATION AND STATISTICAL ANALYSIS
Two-tailed t-tests were performed to judge statistical significance of the difference in mean between datasets. P values were corrected for multiple comparisons using Bonferroni correction.
